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Abstract 

The  high-temperature  electrochemical  cell  behavior  of  Li-stoichiometric  Li-Mn-O  spinel  material,  LiMn204  0i4,  has  been  studied  by 
cyclic  voltammetry  and  coulometric  titration  curve  measurement  methods.  A  split  of  the  reduction  peak  at  x  >  0.5,  in  LivMn204  0i4,  during 
Li+  insertion  was  found  at  85UC.  Correspondingly,  three  plateaus  appeared  in  its  coulometric  titration  curve,  which  manifest  itself  as  three 
peaks  in  AQIdV-V  plot.  The  peak  split  phenomenon  was  also  found  for  oxygen  deficient  spinel,  LiMn2C>3.986,  prepared  at  900°C  in  both 
reduction  and  oxidation  branches  at  room  and  elevated  temperatures  using  a  lower  scan  rate  of  0.02  mV/s.  The  disproportionation 
dissolution  of  stoichiometric  spinel  LiMn204.oi4  intensified  by  the  elevated  temperature  in  slightly  acidic  electrolyte  is  considered 
responsible  for  the  occurrence  of  the  phenomenon.  The  finding  gives  a  piece  of  evidence  for  oxygen  deficient  spinel  LiMn204_-  as  the 
insoluble  product  of  disproportionation  dissolution.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Spinel  structure  Li-Mn-O  compounds  are  the  most  pro¬ 
mising  lithium  ion  insertion  electrode  materials  for 
rechargeable  lithium  batteries.  A  problem  which  prevented 
these  compounds  from  being  commercialized  is  their  capa¬ 
city  fading  on  extended  cycling  or  over  elevated  temperature 
[1,2].  In  view  of  the  commonness  of  extended  cycling  and 
storage  and  cycling  at  elevated  temperature  for  the  consumer 
applications  of  lithium  ion  battery,  quite  a  few  research 
works  have  been  conducted  for  the  ascertainment  of  fading 
mechanism  and  the  improvement  of  rechargeability  [3-8]. 
The  instability  of  spinel  in  electrolyte  solution  at  elevated 
temperatures  into  Mn2+  according  to  the  disproportionation 
reaction  2Mn3+  (insoluble)  — >  Mn4+  (insoluble)  +  MnO 
(soluble)  [4]  was  considered  as  one  of  the  most  cardinal 
reasons  responsible  for  the  rapid  deterioration  of  spinel 
electrode  in  elevated  temperature  operation.  As  a  dispro¬ 
portionation  decomposition  product,  MnO  can  be  obviously 
detected  by  the  red-purple  color  of  electrolyte.  Whereas,  for 
insoluble  phase,  difficulty  was  encountered  in  the  exact 
identification  of  the  dissolution  product.  One  work  attributed 
it  to  the  formation  of  Li2Mn03  compounds  containing  Mn4+ 
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ions  [9]  and  another  research  group  to  defect  spinel 
Li2Mn409  [10].  Meanwhile,  Robertson  et  al.  ascribed  it 
to  both  of  them  [1 1].  In  addition,  as  causes  of  cell  deteriora¬ 
tion,  formations  of  other  compounds  were  also  demon¬ 
strated,  such  as  ©Mn02,  Li2Mn204,  etc.  [12-14], 

In  this  paper,  we  report  on  a  new  phenomenon  found  in 
high-temperature  cyclic  voltammetry  (CV)  studies  of  stoi¬ 
chiometric  spinel  LiMn204  014,  he-  the  split  of  the  reduction 
peak  at  x  >  0.5,  in  LivMn204  oi4,  during  Li 1  insertion.  The 
coulometric  titration  curve  survey  further  verified  the  occur¬ 
rence  of  the  split  phenomenon.  By  means  of  studies  for  the 
split  properties,  oxygen  deficient  spinel  LiMn204_z  was 
suggested  to  be  the  main  dissolution  product,  which  exhib¬ 
ited  split  at  both  room  and  high  temperatures.  It  was 
tentatively  considered  that  phase  separation  of  oxygen  defi¬ 
cient  spinel,  derived  from  disproportionational  dissolution 
of  spinel  electrode  in  slightly  acidic  electrolyte,  promoted  by 
oxygen  defect  and  high  temperature  resulted  in  the  occur¬ 
rence  of  the  CV  peak  splits. 

2.  Experimental 

The  sample,  stoichiometric  spinel  LiMn204  oi4  was  got¬ 
ten  from  Tohso  Co.  Ltd.  and  used  as  obtained.  It  features  a 
Fd3m  space  group  with  cubic  symmetry,  gives  a  lattice 
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constant  of  8.2346  A.  Oxygen  deficient  spinel  was  prepared 
by  treating  at  900°C  in  air  for  20  h  with  a  slow  cooling  of 
20  h  to  room  temperature.  The  exact  compositions  of  the  two 
samples  were  determined  by  ICP  and  chemical  titration 
methods,  which  are  LiMmO^ow  and  LiMnoOg,  g^,  respec¬ 
tively.  The  high-temperature  CV  and  coulometric  titration 
curve  measurements  were  carried  out  in  a  self-made  hot  box 
with  oscillation  range  of  ±2°C.  For  CV  measurements,  a 
three-electrode  glass  cell  of  flooded  electrolyte  was  used, 
with  a  gas-tight  spigot  of  high  compression  strength.  Dis¬ 
charge  coulometric  titration  curve  test  was  conducted  using 
coin  cell  of  CR2032  type  after  potentiostatically  charged  to 
4.5  V  with  an  ending  current  limit  of  0.01  mA.  The  mea¬ 
surement  was  done  repeatedly  by  the  regulation  of  dischar¬ 
ging  the  cell  for  1  h  at  0.05  mA/crn2,  following  it,  recorded 
the  potential  as  closed  circuit  voltage  (CCV)  and  then 
leaving  it  up  in  the  air  for  a  10-h  relaxation,  afterwards 
logged  the  potential  as  open  circuit  voltage  (OCV). 


C apacity  /  mAh  ■  g 

Fig.  2.  Coulometric  titration  curve  of  LiMn2O4014  electrode  at  room 
temperature  and  85 °C,  by  discharging  the  cell  for  1  h  at  0.05  mA/cm2  as 
CCV  and  then  leaving  it  up  for  a  10  h  relaxation,  as  OCV. 


3.  Results  and  discussion 

Fig.  1  shows  the  CV  behaviors  of  stoichiometric  spinel 
LiMn204oi4  electrode  in  1  M  LiPF6  EC/DMC  1:2  (in 
volume)  electrolyte  at  room  temperature  and  85°C.  The 
room  temperature  CV  curve  gives  two  pairs  of  well-sepa¬ 
rated  reversible  redox  peaks  at  near  3.99  and  4. 12  V,  which  is 
typical  of  a  stoichiometric  spinel  phase.  The  peaks  are 
attributed  to  the  insertion/extraction  of  Li 1  into/from  spinel 
tetrahedral  sites.  The  two-step  process  is  associated  with  an 
ordering  of  the  Li+  ions  on  half  of  the  tetrahedral  8a  sites.  On 
the  contrary,  at  85  °C,  a  split  of  the  second  insertion  peak  of 
Li+  in  normal  spinel  was  found.  With  the  increase  of  cycle 
number,  the  split  peaks  were  more  clearly  separated. 

The  split  phenomenon  can  also  be  seen  in  a  slow  dis¬ 
charge  operation  from  the  discharge  coulometric  titration 


curve  result  in  Fig.  2  at  85°C.  Three  plateaus  can  be 
discerned  near  4  V  as  opposed  to  the  two  distinct  plateaus 
in  the  case  of  room  temperature.  From  its  differential  curves, 
d£?/d V-V plot  in  Fig.  3,  the  observation  of  three  plateaus  can 
be  confirmed,  with  three  peaks  at  85  °C  for  both  of  CCV  and 
OCV.  It  should  be  noted  that  the  electrode  has  become 
oxygen  deficient  by  disproportionational  dissolution  reac¬ 
tion  after  a  long  duration  of  nearly  20  days  at  85°C.  A 
plateau  or  peak  at  more  than  3.2  V  can  be  observed,  which 
have  been  suggested  to  come  from  oxygen  defect  in  Li-Mn- 
O  spinel  [15-17],  Obviously,  the  split  behavior  is  related  to 
the  high  experimental  temperature  and  long  duration.  In  this 
extreme  operation  condition,  a  serious  dissolution  can  be 
expected. 

In  order  to  ascertain  the  origin  of  the  split  peak,  we 
treated  the  stoichiometric  LiMn204.oi4  sample  by  heating 


Voltage  /  V  vs.  Li/Li + 

Fig.  1.  Cyclic  voltammograms  of  LiMn2O40i4  at  room  temperature  and 
85°C  in  the  electrolyte  of  1  M  LiPF6  EC/DMC  1:2  (in  volume).  Scan 
rate  =  0.2  mV/s,  scan  range  =  3-4.5  V  vs.  Li/Li+. 


Voltage  /  V  vs.  Li/Li 

Fig.  3.  Differential  capacity-voltage  relationship  from  coulometric 
titration  curve  of  LiMn204  0i4  electrode  at  room  temperature  and  85°C. 
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Fig.  4.  Cyclic  voltammograms  of  oxygen  deficient  spinel  LiMn203986 
prepared  at  900°C  in  various  experimental  temperatures  in  the  electrolyte 
of  1  M  LiPF6  EC/DMC  1 :2  (in  volume).  Scan  rate  =  0.02  mV/s,  scan 
range  =  3.0-4.5  V  vs.  Li/Li+. 


20  h  in  air  at  900°C.  Its  CV  behaviors  are  shown  in  Fig.  4.  In 
a  smaller  scan  rate  of  0.02  mV/s,  a  split  of  the  pair  of  redox 
peaks  at  lower  voltage,  x  >  0.5  for  LivMn203  986,  in  both 
room  and  high  temperatures  can  be  observed.  From  Fig.  4, 
at  room  temperature,  a  split  of  the  oxidation  peak  at  lower 
voltage  can  be  found,  whereas  the  reduction-branched 
peak’s  split  is  not  obvious.  With  increases  of  the  operation 
temperature,  the  oxidation  peak  became  diffused  and  the 
split  was  confused  by  the  normal  oxidation  peak;  mean¬ 
while  the  reduction  peak  became  more  separated,  its  split 
can  be  clearly  observed.  The  higher  the  experimental 
temperature,  the  stronger  the  new  split  reduction  peak  at 
lower  voltage.  The  results  indicates  that  the  splits  of  the 
oxidation  branch  in  room  temperature  and  the  reduction 
branch  in  high  temperatures  maybe  come  from  different 
sources. 

As  for  the  oxidation  peak  split  in  room  temperature,  it 
have  been  observed  by  Palacin  et  al.  using  incremental 
capacity  voltammogram  and  attributed  to  a  structural  rear¬ 
rangement  of  cubic  spinel  to  double  hexagonal  phase  by 
migration  of  Mn  ions  from  16d  to  16c  positions  [18]. 
However,  no  corresponding  reduction  peak  at  about  3.2  V 
was  found  by  CV  studies  in  Fig.  4,  although  the  3.2  V 
plateau  could  be  detected  clearly  in  galvanostatic  discharge 
curve  [17].  The  results  remained  the  same  even  in  an 
extensive  range  of  scan  rates.  The  kinetically  controlled 
electrochemistry  of  the  3.2  V-reduction  process  supports 
Palacin’s  phase  transformation  model. 

The  results  showed  oxygen  defect  in  spinel  resulted  in  the 
split  of  the  pair  of  redox  peaks  at  lower  voltage.  The  fact  that 
split  phase  was  intensified  by  elevated  operation  temperature 
demonstrated  the  importance  of  the  temperature  for  phase 
separation  of  oxygen  deficient  spinel.  It  should  be  stated  that 
no  heavy  red-purple  color  was  observed  in  85°C  for  oxygen 
deficient  spinel  electrode  cell,  with  a  smaller  surface  area  of 


1.34  m2/g,  as  for  stoichiometric  spinel  LiMmCU.oir, 
5.26  m2/g,  after  CV  experiment. 

Above  results  indicate  that  a  serious  disproportionational 
dissolution  occurred  at  85GC  for  stoichiometric  spinel 
LiMmOzt  014  with  a  larger  surface  area.  The  disproportiona¬ 
tional  decomposition  in  slight  acidic  electrolyte,  due  to  the 
reaction  product  (hydrofluoric  acid)  of  LiPF6  with  residual 
water  impurity  in  solvents  by  the  reaction  L i  P I V,  +  H20  — > 
LiF  +  POF3  +  2HF,  as  proposed  by  Aurbach  and  cow¬ 
orkers  [19,20],  was  intensified  by  the  high  temperature  of 
85°C.  The  insoluble  product,  oxygen  deficient  spinel 
LiMn204_5.,  was  left  on  the  electrode  and  resulted  in  the 
split  of  the  second  reduction  peak  of  the  stoichiometric 
spinel  electrode. 

4.  Conclusions 

A  split  of  the  reduction  peak  at  x  >  0.5,  in  Li,Mn204.oi4, 
during  Li+  insertion  was  found  in  high-temperature  CV 
studies  of  stoichiometric  spinel  LiMn2C>4  oi4.  The  coulo- 
metric  titration  curve  measurements  further  verified  the 
existence  of  the  split  phase.  Oxygen  deficient  spinel 
LiMn204_-  was  identified  with  the  split  phase  as  an  inso¬ 
luble  disproportionational  decomposition  product  of 
LiMnTT.  The  result  highlighted  the  importance  of  dispro¬ 
portionational  dissolution  as  a  source  of  capacity  fading, 
especially  at  elevated  temperature. 
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